Our knowledge of mammalian iron metabolism has advanced dramatically over recent years. Iron is an essential element for virtually all living organisms. Its intestinal absorption and accurate cellular regulation is strictly required to ensure the coordinated synthesis of the numerous iron-containing proteins involved in key metabolic processes, while avoiding the uptake of excess iron that can lead to organ damage. A range of different proteins exist to ensure this fine control within the various tissues of the body. Among these proteins, transferrin receptor (TFR2) seems to play a key role in the regulation of iron homeostasis. Disabling mutations in TFR2 are responsible for type 3 hereditary hemochromatosis (Type 3 HH). This review describes the biological properties of this membrane receptor, with a particular emphasis paid to the structure, function and cellular localization. Although much information has been garnered on TFR2, further efforts are needed to elucidate its function in the context of the iron regulatory network.
bound iron (NTBI) accumulation. Particularly, under conditions of iron overload, the iron-binding capacity of plasma transferrin can be exceeded, resulting in the appearance of NTBI. NTBI is rapidly cleared from plasma and taken up mostly by the liver [1] , but when in great excess it may lead to tissue damage [2] . Iron accumulation may also be the consequence of excessive transferrin-Fe uptake, as well as the inability to export iron (reviewed in [3] ). In recent years, the identification of a number of novel proteins has begun to clarify the mechanisms of iron uptake, storage and metabolic regulation.
Multiple physiological processes are used to maintain body iron homeostasis, for example iron absorption, metabolic iron use, iron storage and iron export. Specialized tissues play a key role in these various steps of iron metabolism.
Since there are no significant physiological mechanisms to regulate iron loss, the tight regulation of intestinal iron absorption represents the main method to control iron body content. The mechanism of dietary iron absorption has, in part, been elucidated during recent years. Absorption mainly occurs in the duodenum, where iron can be taken up as heme and non-heme iron. Intestinal heme transport and absorption involves the recently investigated heme-carrier protein 1 (HCP1), which is responsible for heme uptake in the gut [3, 4] . In addition to HCP1, additional proteins act in other tissues as heme transporters; thus in developing erythroid precursors ABCB6 (ATP-binding cassette, subfamily B, member 6) acts as a mitochondrial heme transporter [5] , while FLCVR (feline leukemic virus receptor, subgroup C) acts as a heme transporter in the liver and in the cytoplasm of erythroblasts [3] . Other molecules, such as ABCG2 (also known as BCRP, breast cancer resistance protein) are involved in the efflux of heme from cells [3] . Non-heme iron is absorbed through the action of the divalent metal transporter (DMT1, also known as NRAMP2) [6] and Dcytb, a ferrireductase present at the apical membrane that donates electrons for reduction of ferric iron [Fe(III)] to the ferrous state [Fe(II)] [7] . Heme internalized into intestinal cells is degraded by heme oxygenase and the released iron, together with dietary absorbed ionic iron, enters the intracellular non-heme iron pool. This subsequent release of iron from intestinal cells to general circulation is mediated by two proteins: ferroportin-1, an iron exporter [8, 9] and hephaestin, a ferroxidase [10] . Intestinal iron absorption is influenced by dietary factors and is controlled by the hormone hepcidin, a small peptide able to bind and regulate the expression of ferroportin-1 [11] .
Iron exported from intestinal cells circulates bound to transferrin (Tf), an abundant protein synthesized by the liver that binds to iron atoms with a high affinity. Tf keeps iron soluble, preventing Fe(III) from precipitating, and transports iron between the various cellular compartments.
Between one and two milligrams of iron are absorbed by humans each day. However, approximately 25 mg are required on a daily basis to sustain the hemoglobinization of newly produced erythroid cells. To negate this apparent iron shortfall, iron recycling of that already present in the body is employed in order to ensure sufficient iron levels. This recycling process involves the mobilization of iron stored in cells of the reticuloendothelial system, namely tissue macrophages, such as spleen and bone marrow macrophages, which phagocytose senescent erythrocytes to scavenge their iron from hemoglobin and return it into circulation. Additional iron may be obtained through the mobilization of cellular iron stores, mainly from hepatocytes [12] .
Tf-mediated uptake is the primary mechanism of iron uptake for the majority of cells. This process is particularly pronounced in erythroid cells that need large amounts of iron to sustain the high rates of heme synthesis, incorporated into hemoglobin. This process of cellular iron uptake is known as the "transferrin cycle". The binding of iron-saturated transferrin, holotransferrin (holoTf), to its receptor, transferrin receptor 1 (TFR1), triggers clathrin-mediated invagination of the cell membrane, with subsequent endocytosis of the holoTf-TFR1 complex into endosomes. The pH inside the endosomes is rapidly lowered through the action of proton pumps, resulting in conformational changes of Tf and TFR1, and the release of iron from holoTf with the formation of apoTf. Iron is then transported across the endosomal membrane into the cytoplasm by DMT1. Since Tf carries ferric iron, whereas DMT1 is selective for ferrous iron, Fe(III) must be reduced to Fe(II) through the action of the recently identified ferrireductase, Steap3 [13] . The apoTf-TFR1 complex is then returned back to the cell surface and apoTf is released, becoming available to be re-charged with iron and to start the cycle anew. Iron released in the cytosol can be used for cellular metabolism, and the formation of essential iron-containing proteins present in the cytosol and mitochondria.
The portion of cellular iron that is not needed for immediate utilization is stored by ferritin, an ubiquitous and multimeric protein [14] . Ferritin consists of an apoprotein shell of 24 light (L) and heavy (H) chain subunits, surrounding a core of about 4500 iron atoms. The ratio of H and L subunits varies in different tissues and in response to various stimuli (e.g. inflammation or infection) [14] .
The maintenance of cellular iron homeostasis requires coordinated expression of the various genes involved in iron uptake, storage and export. This complex regulation is in large part accomplished through the interaction of iron regulatory proteins (IRPs) with the iron regulatory elements (IREs), conserved hairpin structures found in the untranslated regions (UTRs) of some mRNAs encoding iron-related proteins. Single IREs are located in the 5'-UTR of H and L ferritin chains, mithocondrial aconitase and ferroportin-1; the binding of IRPs to these IREs determines inhibition of the translation process [15] . In contrast, multiple IREs are located in the 3'-UTR of TFR1 mRNA; in this case the interaction of IRPs with these IREs leads to the stabilization of the mRNA [16] . Mammalian cells contain two IRPs, IRP1 and IRP2, whose activity is regulated by the cellular labile iron pool. When iron levels are high, a cubane [4Fe-4S] cluster assembles in IRP1, inhibiting IRE binding activity and converting IRP1 to the enzymatic protein aconitase. When cellular iron stores are low, IRP1 activity is stimulated and it binds to IRE targets. In contrast, IRP2 does not contain a Fe-S cluster and its activity is regulated through the control of its degradation rate according to iron levels; in iron-depleted cells IRP2 accumulates while it is degraded when iron levels are high [17] . Specifically IRP2 is regulated in iron-replete cells by oxidation-induced ubiquitination and subsequent degradation by the proteasome, with concomitant loss of its IRE binding activity [18] . The binding of heme to IRP2 protein causes its oxidation and its subsequent recognition by the heme-oxidized IRP2 ubiquitin ligase-1 (HOIL-1) [19, 20] . The Cys201 residue of IRP2 binds ferric heme, while His204 is a ferrous heme binding site, with both residues required for the heme-mediated ubiquitination and degradation of IRP2.
An alternative iron uptake system, particularly active in epithelial cells, is represented by neutrophil gelatinase-associated lipocalin (NGAL/24p3) and its receptor 24p3R. 24p3R mediates the ability of the holo-form of 24p3 to donate iron to cells and prevent apoptosis, while the internalization of apo-24p3 by cells leads to iron efflux that results in cell death [21, 22] .
Liver cells play a key role in the control of iron metabolism. This is related to the capacity of hepatocytes to synthesize hepcidin, a small peptide (20 to 25 amino acids for the two most frequent isoforms) that plays an essential role in the control of iron homeostasis [23] . Hepcidin promotes internalization and degradation of the iron exporter ferroportin-1, and through this mechanism decreases both intestinal iron absorption and macrophage iron release [23] . Mice lacking hepcidin expression and humans with mutations in the hepcidin gene have been found to develop severe iron overload at an early age (juvenile hemochromatosis) [24, 25] . Hepcidin expression by hepatic cells is regulated by another protein involved in the control of iron metabolism, hemojuvelin (HJV). Importantly, mutations of the HJV gene cause a form of juvenile hemochromatosis phenotypically indistinguishable from hemochromatosis due to hepcidin gene mutations. HJV is a bone morphogenetic protein (BMP) co-receptor that through its signalling regulates hepcidin expression by liver cells [26] .
In 1999, a new protein involved in iron metabolism was identified, a second transferrin receptor called TFR2 [27, 28] . This protein seems to play an important regulatory role in iron metabolism, but the mechanism through which it exerts this function remains largely unknown. This review analyzes the main biological properties of this receptor, compared to those of the TFR1, and outlines the areas that need to be investigated to gain an insight into the understanding of the exact role played by TFR2 in iron metabolism.
TFRstructure
The human TFR2 gene was cloned independently by two groups. In 1998 Glöckner et al. sequenced a large region of chromosome 7q22 which contains TFR2 and other important genes such as erythropoietin [27] . One year later, Kawabata et al. fortuitously cloned the gene during an attempt to identify new transcription factors [28] . Two transcripts resulting from alternative splicing or promoter usage have been identified, TFR2-α and TFR2-β. The α-form, which is 2.9 Kb long has been cloned from a cDNA library of TF-1 and consists of 18 exons. The β-form, cloned from a cDNA library of HL60, is 2.5 kb in length, it lacks exons 1-3 of the alpha form and its first exon (exon 4 of the α-form) has an additional 142 nucleotides at the 5'-end [28] . Both TFR2 transcription products contain no typical iron responsive elements (IRE) in their 3'-or 5'-untranslated regions. TFR2-α encodes an 801 amino acid type II transmembrane protein, consisting of cytoplasmic (residues 1-80), transmembrane (residues 81-104) and extracellular (residues 105-801) domains. The C-terminus extracellular domain is 45% identical and 66% similar with that of TFR1 and contains two cysteines (residues 108 and 111), a finding that suggests a homodimeric configuration of the protein. Conversely, the N-terminal cytoplasmic regions of TFR1 and TFR2 show no similarity. In addition, TFR2-α contains a YQRV motif (residues [23] [24] [25] [26] in the intracellular domain which may act as an internalization signal, similar to the YTRF motif in TFR1 [29] [30] [31] . Furthermore, four putative N-glycosylation sites (residues 240, 339, 540 and 754) occur in the TFR2-α protein, which is known to be glycosylated [28, 32] . Importantly, TFR2-α possesses a RGD sequence in the extracellular domain that is identical to a TFR1 sequence that has been shown to be essential for transferrin binding [33] . In TFR1 this sequence is located within a helix of its helical domain [34] , which is responsible for interacting with the hemochromatosis protein, HFE, in the co-crystal structure [35, 36] . By creating point mutations the RGD sequence of TFR2-α has been demonstrated to be crucial for Tf-binding [37] .
In contrast, TFR2-β protein lacks the N-terminal portion of TFR2-α, including the cytoplasmic, transmembrane and part of the extracellular domain [28] , suggesting that it may be a soluble, intracellular form of TFR2. Thus far, the existence of TFR2-β protein has not been demonstrated, and as such only TFR2-α will be discussed in this review.
Mutations
Hereditary hemochromatosis (HH) is a genetic disorder that results from the disruption of the mechanisms that regulate iron absorption at the duodenal level, leading to progressive parenchymal iron overload and organ damage. HH is classically associated with a Cys282Tyr (C282Y) polymorphism of the HFE gene [38] . Non-HFE HH is a definition applied to all the hemochromatosis disorders that are not related to HFE mutations. The genetic classification of HH is reported in Table 1 . Type 3 HH, due to TFR2 mutation, is a rare recessive form of iron overload characterized by increased serum iron parameters due to increased duodenal iron absorption. The disorder was first characterized in two unrelated Sicilian families, where several members were found to be homozygous for a nonsense mutation (Y250X) [39] . As a result of this observation, many patients affected by non-HFE hemochromatosis were screened for the presence of Y250X TFR2 mutations. This analysis did not reveal a single positive case, only polymorphic changes [40] [41] [42] [43] . However, as listed in Table 2 other rare TFR2 inactivating mutations have been subsequently characterized both in Italy [44] [45] [46] [47] and elsewhere [48] [49] [50] [51] [52] , and appear throughout the entire sequence of the gene. These mutational data support the hypothesis that TFR2 mutations are rare and most of them are isolated. Moreover, iron overload severity is variable and genotype-phenotype correlation is not always apparent, because of the limited number of patients with the same mutation and the limited phenotypic data available. However, it seems that iron overload in type 3 HH is more rapid and severe than that usually reported in HFE-related HH, which usually develops in the fourth to fifth decade of life [51, [53] [54] [55] . According to the distribution of the reported mutations along the gene it is possible to speculate that the different effects of the mutations on the encoded protein may influence the phenotype severity (reviewed in [56] ). As shown in Figure 1 , most mutations affects both TFR2 forms, but some of them, such as E60X and R105X, affect only the α-form. The mutation M172K, which occurs in exon 4, causes a missense in the α-protein and also affects the putative initiation codon of the β-variant, negating its translation. Although the role of the alternate transcripts has not yet been established, it is interesting to note that patients who maintain the β-form intact (E60X and R105X patients) have a less severe phenotype. Indeed, the most severe phenotypes have been observed in patients carrying Y250X and M172K homozygous mutations.
Expression pattern and tissue distribution
TFR1 and TFR2 exhibit a different pattern of tissue distribution and expression. TFR1 is expressed in virtually all tissues, except mature erythrocytes. Despite this ubiquity some particular cell types, such as erythroid and rapidly proliferating cells, express high levels of TFR1 [57] . The highest levels are observed in developing erythroid cells, where elevated rates of iron uptake are required to sustain high rates of heme and hemoglobin synthesis [58] . On the contrary, TFR2 expression is tissue specific. TFR2 mRNA has been found to be highly expressed in the liver and, to a lesser extent, in spleen, lung, muscle, prostate and peripheral mononuclear cells [28, 59] . In addition, high levels of the TFR2 transcript have been detected in HepG2 (human hepatoma), K562 and HEL-R (both human erythroleukemic) cell lines. The human lymphoid cell lines Raji and MOLT-16; and the human myeloid cell lines U937, NB-4, HL-60, KCL22 and KG-1 express low or undetectable levels of TFR2 mRNA [59] . In contrast, TFR1 mRNA expression has been detected in all the lymphoid, myeloid and erythroid cell lines tested; the highest being observed in OCI-M1 erythroid cells. TFR2 mRNA was also detected in normal, early erythroid precursors and in primary myeloid leukemic blasts, especially derived from FAB M6 subtype [28, 59, 60] . At the level of protein synthesis, expression of TFR2 in normal erythroid cells was initially demonstrated by an immunohistochemical analysis using a polyclonal antibody [59] ; however, it was subsequently shown by Western blot that TFR2 protein was not expressed at any stage of normal erythroid differentiation [61] . Studies on the tissue distribution of TFR2 protein using a large panel of monoclonal antibodies and immunohistochemical techniques revealed major staining in cells that play a prominent role in the regulation of iron homeostasis. Indeed, high levels of expression were found in hepatocytes, a major iron-storage site, and in the enterocytes of the crypts and villi, localized in the portion of the gastrointestinal tract involved in iron absorption [62] . These authors also investigated the subcellular localization of TFR2, showing that the receptor was clustered in selected areas of the cell membrane. A subsequent study reported that within the duodenal epithelium, TFR2 was selectively expressed in crypt cells [63] with a pattern quite distinct from the distribution of TFR1 along the entire villous axis [64] . These authors also showed a co-localization of TFR2 and HFE in crypt areas of human and mouse duodenum, although an earlier study had demonstrated that soluble, purified ectodomains of HFE and TFR2 did not interact in vitro [36] . This last finding contrasts a recent study by Goswami et al., in which TFR2-HFE interaction was assessed in crude membrane fractions of transfected AML12 mouse hepatocytes [65] . The hepatic expression of TFR2 was recently confirmed by sensitive real-time RT-PCR at the mRNA level, and by immunoblot analysis at the protein level [66] . In this study, the authors analysed the cellular and subcellular localization of TFR2 in rat liver by immunofluorescence microscopy, showing that the protein was localized to the hepatocytes with no detectable staining of Kupffer cells; while at the subcellular level TFR2 immunoreactivity was found at the basolateral membrane domain of hepatocytes [66] . It is important to note that in normal hepatocytes the expression of TFR2 is much higher than that of TFR1.
Receptor internalization
Receptor-mediated endocytosis is the process by which integral membrane proteins are selectively internalized from the plasma membrane to the endocytic pathway. During the process of receptor-mediated endocytosis, membrane proteins are concentrated in specialized regions of the plasma membrane, known as clathrin-coated pits. Invagination of coated pits into the cytoplasm generates transport vesicles that deliver their content to the endosomal compartment [67] . Some proteins then recycle back to the cell surface, while others are sorted and sent to different destinations.
Receptor-mediated endocytosis of transferrin via TFR1 is a clathrin-dependent endocytic pathway that has been the subject of recent and detailed analysis [68] . This is a highly regulated process involving many proteins; particularly Rab proteins, members of a large GTPase family with homology to ras. Rab proteins are localized to the cytoplasmic faces of all organelles involved in intracellular transport, and are associated with vesicle membranes in their activated GTP-bound form. Rab4 and Rab5 proteins co-localize with TFR1 in early endosomes [69, 70] . Others, such as Rab7, are localized in late endosomes and do not co-localize with TFR1 [71] . Rab11 also co-localizes with TFR1 in early endosomes and it is functionally important for Tf recycling [72] . Finally, Rab22a controls the transport of TFR1 from sorting to recycling endosomes [73] .
The endocytosis of TFR1 requires an internalization signal present on the cytoplasmic tail of the receptor and represented by the tetrapeptide sequence YTRF (Tyr-Gln-Arg-Phe, residues 20 through 23) [29] . The most critical residues in the transferrin receptor internalization signal appear to be the two aromatic amino acids.
It is important to note that TFR1 is constitutively clustered in coated pits and undergoes rapid internalization even in the absence of the ligand. Thus in HeLa cells, only 20-30% of TFR1 is on the cell surface, with about 50-60% residing in the endosomes and the remaining 20% in the Golgi complex and the biosynthetic pathway [74] . The intracellular pool of TFR1 results from continual internalization of unoccupied receptors [75] . These observations indicate that, in addition to the main route of receptor recycling, 5 to 15% of the surface TFR1 that enters the cell is transported through the Golgi complex [76, 77] .
Only a limited amount of information is available on TFR2 internalization. The presence of the internalization motif in the cytoplasmic tail (YTRF for TFR1 and YQRV for TFR2) would convey the two TFRs to common cellular compartments where the internalization of the plasma membrane occurs. In this context, a recent study indicated that Tf delivered through both receptors was initially detected at the plasma membrane and tubulovesicular endosomes; however at later stages of the endocytic pathway Tf internalized through TFR2 is delivered to multivesicular bodies (MVB), while Tf endocytosed through TFR1 is not observed in this compartment [78] . These results suggest that TFR2 internalization does not follow the classic clathrin-mediated endocytic route, and this may be due to the localization of TFR2 and TFR1 to different regions of the cell membrane. Indeed, we recently showed that TFR2 constitutively localizes in lipid rafts microdomains of the plasma membrane [79] . Rafts consist of a dynamic assembly of cholesterol and glycosphyngolipids that form islands of liquid-ordered domains which float in the fluid disordered bilayer of largely unsaturated lipids of the surrounding membrane [80] . Certain proteins are preferentially partitioned into the ordered raft domains; some of these are targeted to rafts by hydrophobic modifications, which pack well into an ordered lipid environment [81] [82] [83] [84] . One morphologically identifiable raft structure is the caveola [84] . Caveolae are flask-shaped membrane invaginations that are formed from lipid rafts by polymerisation of their scaffolding proteins, caveolins. Given their ability to recruit or exclude specific lipids and proteins, lipid rafts have been implicated in the regulation of various physiological processes, such as lipid sorting, protein trafficking, cell polarization [85] and signal transduction [80, 86, 87] .
Recent work has established a role for caveolae and lipid rafts in non-classic (clathrinindependent) endocytic pathways [88] . These internalization routes are not well characterized, but the observation that they are sensitive to cholesterol depletion [88] , and that some rafts-associated proteins internalize through non-clathrin pathways [89, 90] , have led to the idea that these alternative routes are raft-dependent. One important non-clathrin internalization route requires caveolin-1 expression. For instance, albumin binding to its receptor, gp60, triggers caveolae endocytosis via a Gi-coupled Src kinasemediated pathway [91] . Albumin uptake requires caveolin-1/gp60 interaction, and it is inhibited in caveolin-1 null cells [91, 92] . Moreover, some non-enveloped viruses, such as Simian virus 40 (SV40), use caveolae as portals for entry into the cell [93] . Once internalized, the caveolar vesicles appear to deliver the viruses to newly discovered organelles called caveosomes [93] , which are distinguished from the early endosomes by their neutral pH and by the high expression of caveolin-1 [94] . From these structures the viruses are delivered to ER, however it is important to point out that raft-dependent internalization also occurs in the absence of caveolin. For instance, caveolin-independent routes have been shown to mediate the internalization of interleukin-2 receptor-β (IL2Rβ) [95] ; and can direct some GPI-anchored proteins to the Rab11-positive recycling endosomes [96] , where they can traffic back to the plasma membrane. Indeed, recent data has shown that caveolin-expressing vesicles can interact with early endosomes in a Rab5-dependent process [97] , suggesting that clathrin-independent endocytic pathways can crosstalk with components of the classic endosomal system.
Very little is known about TFR2 intracellular trafficking. Tf internalized through TFR2 seems to be directed to different intracellular compartments with respect to the classic Tf-TFR1 internalization pathway [78] . At odds with TFR1, which is rapidly endocytosed and is largely distributed in intracellular compartments [74, 98] , TFR2 has been found to localize mainly at the level of the plasma membrane, and to a lesser extent (<10% of the total protein) in Rab5-expressing intracellular organelles [79] . This is in line with a previous study reporting the localization of receptors endocytosed via lipid rafts in rab5 + endosomes [97] . This data would seem to indicate that further investigations are necessary to carefully characterize the intracellular trafficking of TFR2, and its possible involvement in non-clathrin-mediated endocytosis.
Receptor exocytosis
An important similarity between TFR1 and TFR2 is that both receptors are actively exocytosed from the cells through the exosomal pathway [79, 99] . Exosomes are defined as the intraluminal vesicles (ILVs) of multivesicular bodies (MVBs) following their secretion into the extracellular milieu. The ILVs originate during endosomes formation and matu-ration through the inward budding and scission of vesicles from the limiting membrane into the endosomal lumen. During this complex process, transmembrane and peripheral membrane proteins are incorporated into the invaginating membrane, maintaining the same topological orientation as the plasma membrane, while cytosolic components are engulfed and enclosed into the small 50-90 nm vesicles [100] . Exosomes derived from different cell types include common sets of molecules, but also display a set of cell-specific components [100] . A large variety of proteins, including transmembrane and associated peripheral membrane proteins, cytosolic proteins and chaperons have been detected in exosomal vesicles. One of the molecules typically observed in exosomes is TFR1 [101] . The heat-shock cognate (Hsc70) protein interacts with TFR1, and this interaction regulates TFR1 release via exosomes [102] .
It is also important to note that many raft-associated proteins are sorted in exosomes, including the tetraspanins CD9, CD63 and CD81 [101] ; GPI-anchored proteins such as CD55, CD58 and CD59 [103] ; the Src kinase Lyn [104, 105] ; and the acylated proteins flotillin-1 and stomatin [105] . The release of raft proteins in these vesicles reflects the presence in exosomal membrane of lipid raft-like domains [105] .
The biological functions of exosomes remain largely unknown. However, it was proposed that these peculiar subcellular structures, through their capacity to bind target cells, are likely to be part of a complex network of intercellular communications and to modulate selected cellular activities [106] . Indeed, an "exosomal-type" of communication has been demonstrated in the immune system and may be exploited by cells to interact with each other locally or at a distance. Furthermore, the presence of exosomes in blood, other biological fluids and tissues strongly suggests their participation in physiological and/or pathological processes [106] .
Biological function
In most cells, TFR1 mediates the major pathway of cellular iron uptake through the binding and endocytosis of iron-loaded transferrin. TFR2 shares many similarities with TFR1; both receptors are type II transmembrane glycoproteins and both have quite similar primary structures [28] . Since its cloning, TFR2 has been hypothesized to mediate a second mechanism of cellular iron uptake, as inferred by the flow cytometric analyses of Tf binding to TFR2 transfected into a model of Chinese hamster ovary cells lacking TFR1 [28] . In addition, TFR2 has been found to support cell growth of TFR1-deficient Chinese hamster ovary cells both in vitro and in vivo [32] , demonstrating that TFR2 is functional in Tf-mediated iron uptake. However, kinetic analysis of Tf binding to the soluble TFR2 ectodomain showed that the affinity at pH 7.5 of TFR2 for diferric Tf (K d approximately 27 nM) is about 25-fold lower than that of TFR1 (K d approximately 1 nM) [32, 36, 107] . Furthermore, TFR2 binding to Tf is less specific when compared with TFR1, since TFR2 is able to interact with both human and bovine Tf [37] . The different ligand affinities and specificities of the two TFRs may be related to their different roles in iron metabolism. Indeed, murine TFR2 does not fully compensate for the function of TFR1, since TFR1-knockout mice die in utero because of severe anemia and neurological abnormalities [108] . Since TFR2, in contrast with TFR1, is expressed in a very restricted number of cells, it is not surprising that it cannot compensate for the absence of TFR1. The exact role of TFR2 in iron metabolism remained unclear until the identification of TFR2 mutations in patients with HFE-unrelated hemochromatosis [39] (now called type 3 HH), leading to a phenotype of hepatic iron loading. Furthermore, in humans homozygous for the Y250X (the first reported TFR2 mutation), and in mice with a targeted mutation of TFR2 (Y245X, orthologous to the human Y250X), the liver accumulates iron despite an absence of membrane-bound TFR2 and a reduction of TFR1 [109] , suggesting that the uptake of Tf-bound iron for use by the hepatocytes is not the principal function of TFR2. Accordingly, it was suggested that TFR2 could play a regulatory role as an iron-sensor molecule, probably through the identification of Fe-Tf in the environment. The hypothesis that TFR2 might sense body iron levels by sensing the levels of Tf in serum is compatible with its low affinity for Tf, and with the finding that the TfR2 protein is stabilized in vitro by the addition of holoTf in a time-and dose-dependent manner, with a response that seems to be hepatocyte-specific [110, 111] . Many investigators have hypothesized that the interaction of TFR2 with iron-loaded Tf may be the first step of a complex, and as yet unknown, regulatory pathway that leads to the control of hepcidin synthesis by the liver. Indeed, several pieces of data support a TFR2/hepcidin link: (i) both genes are predominantly expressed in the liver [23, 28, 109] ; (ii) serum Tf is closely correlated with hepcidin expression in the liver in vivo [112] ; (iii) the expression of both hepcidin mRNA and TFR2 protein are up-regulated by iron loading in wild-type mice [113] ; (iv) urinary hepcidin is low or absent in patients with TFR2 hemochromatosis [114] . Furthermore, homozygous TFR2 knockout mice develop significant iron overload, with no upregulation of liver hepcidin mRNA or pro-hepcidin protein, suggesting that hepatic hepcidin expression is deregulated in the absence of TFR2 [115] . A recent study in a TFR2 (Y245X) mutant mouse model showed the upregulation of Fe duodenal uptake (Dcytb, DMT1) and transport (ferroportin) genes, with increased duodenal iron absorption, increased liver iron uptake and decreased liver hepcidin expression, despite systemic iron loading [116] . Since mutations of TFR2, hemojuvelin and HFE lead to different types of primary iron overload, sharing some common phenotypical features, it has been suggested that these proteins may be functionally linked [117, 118] . In this liver-specific iron-sensing pathway hepcidin appears to be the central regulator of body iron levels downstream of HFE, TFR2 and hemojuvelin. To date, published data about TFR2-HFE interaction remains controversial. Indeed, the co-localization of TFR2 and HFE has been demonstrated in crypt cells of mouse and human duodenum [63] , although a previous study failed to show any direct interaction between the purified soluble ectodomains of TFR2 and HFE [36] . However, Goswami et al. recently assessed TFR2-HFE interaction in crude membrane fractions of transfected AML12 mouse hepatocytes [65] . These authors suggested that HFE may sense Tf saturation and switch from a TFR1 to TFR2 complex. Indeed under low or basal serum iron conditions, HFE and TFR1 exist as a complex at the plasma membrane, while with increased serum Tf saturation, HFE binding to TFR1 is competed by Fe 2 -Tf. The net result of this is the dissociation of HFE from TFR1 and the binding of HFE to TFR2. Thus, HFE acts as an iron sensor which interacts with TFR2 to convey a downstream signal transduction cascade, leading to the modulation of hepcidin production. According to this model, in HFE-and TFR2-related hemochromatosis this sensor mechanism would not be functional and hepcidin production would not be stimulated despite high levels of diferric Tf, thus resulting in parenchymal iron overload [65] . Furthermore, a functional interaction of TFR2 with hemojuvelin in the context of the liver-specific pathway controlling hepcidin production is currently under discussion [119] . To test this hypothesis, Merle et al. have recently investigated the cellular and subcellular localization of these proteins in the liver, showing that both TFR2 and hemojuvelin localize at the level of the basolateral membrane domain of hepatocytes [66] , the same localization previously reported for prohepcidin [120] . In line with this immunoreactivity pattern, the authors speculate that hemojuvelin and TFR2 can functionally interact, leading to a cascade signalling hepcidin localized in the same region of hepatocyte membrane. The hypothesis that TFR2 could function as a signalling receptor is in accordance with our own recent finding that it is located at the level of lipid raft microdomains, where it promotes cell signalling along the MAPK pathway, following activation with holoTf [79] . Interestingly, hemojuvelin is a GPI-anchor protein type [121, 122] , and therefore it could localize in lipid rafts, where it could functionally interact with TFR2.
Conclusions
Given all the available data concerning the biological properties and function of TFR2, we propose a model for serum iron sensing in which TFR2 plays a pivotal role through its signalling activity. In this model the signalling of TFR2 is dependent on the level of Tf-iron saturation, i.e. when Tf-iron saturation is high, TFR2-mediated signalling is particularly active, whereas in conditions of low Tf-iron saturation, TFR2 signalling is low. The cell signalling cascade activated by TFR2 thus induces hepcidin mRNA transcription. This hypothesis suggests that the biological role of TFR2 is to sense the Tf saturation of serum, and to convey to liver cells a signal whose intensity depends on the whole-body iron status. Downstream induction of hepcidin production contributes to systemic iron homeostasis.
To prove this hypothesis, three major points remain to be demonstrated: (i) TFR2-induced cell signalling is dependent on the coefficient of iron saturation of Tf; (ii) the signalling cascade activated by TFR2 leads to the transcription of the hepcidin gene (or alternatively to a stabilization of its mRNA); (iii) in TFR2-related hereditary hemochromatosis, gene mutations result in defective signal transduction, and /or in the disruption of the receptor lipid raft association, leading to the dysregulation of hepcidin expression.
Since HFE, hemojuvelin and TFR2 knockouts give rise to a highly similar phenotype and, particularly, to an abrogation of the iron-dependent regulation of hepcidin, the exact relationship between these three proteins needs to be carefully investigated. HJV acts as a major regulator of hepcidin production, interacting with BMP ligands and BMP type I and II receptors, resulting in signalling through a SMAD pathway and induction of hepcidin expression [26] . Furthermore, it has been recently shown that HFE and TFR2 are associated with HJV in a stable protein complex that can be isolated by co-immunoprecipitation or Ni-affinity chromatography (Andrews N.C., ASH Meeting abstract n. 267, Orlando 2006). Taking into account the new data, we propose a model for the HFE, TFR2 and HJV inter-connected control of iron homeostasis (Figure 2 ). Thus HJV interacts with BMP receptors to form an active complex and TFR2 and HFE act as an iron sensor complex at the plasma membrane. When serum Tf saturation increases, the TFR2-HFE complex associates with HJV and amplifies BMP signalling, leading to hepcidin synthesis. In this context, TFR2 could serve to recruit HFE to this complex.
Fig. 2
Schematic diagram of the role of HJV, HFE and TFR2 in the signalling pathway upstream of hepcidin production in hepatic cells. From one side, HJV interacts with BMP ligands and BMP type I (R-I) and type II (R-II) receptors to generate an active signalling complex. From the other side, HFE and TFR2 act as an iron sensor complex at the plasma membrane. When diferric transferrin (Fe 2 -Tf) levels are high, the HFE-TFR2 complex associates with HJV and amplifies BMP signalling, leading to hepcidin production. Downstream induction of hepcidin synthesis contributes to whole-body iron homeostasis. Therefore, the actual challenge is to dissect the molecular pathways involved in the transcriptional response of hepcidin to body iron content, and to understand how this response is mediated by HFE, hemojuvelin and TFR2 inter-connected activities.
